Microtubule inhibitors such as Vinka alkaloids (e.g., vinblastine and vincristine) and Taxans (e.g., taxol/paclitaxel and docetaxel) are potent therapeutic drugs for cancer treatment. The cellular consequences of taxol/paclitaxel treatments over a wide range of doses (1 nmol/L -100 Amol/L) have been reported. Overall, the main target of clinically relevant, low-to-moderate doses of taxol (5 -200 nmol/L) is the mitotic spindle (1) . In response to treatment with moderate doses of microtubule inhibitor, cells in culture and cells in tumor xenografts in nude mice exhibit mitotic arrest and/or apoptosis (2, 3) . Other modes of cell death (e.g., lytic death) have been reported in mice treated with 30 mg/kg of i.v. docetaxel (4) . However, the complexities of the cellular microenvironment in whole animals make the assessment of the mode of cell death in living animals somewhat more difficult. Recently, other mitosis-targeting drugs have been developed (e.g., inhibitors of mitotic kinesin motors such as KSP-IA, monastrol, and HR22C16; refs. 5 -7). These potential therapeutic agents join the microtubule inhibitors in the general category of antimitotic drugs. Different types of antimitotic drugs are thought to impose different types of stress on kinetochores, which are considered to be a central origin for the generation of a signaling pathway called the mitotic spindle checkpoint or simply the spindle checkpoint. These different types of stress may activate different signaling cascades through the kinetochores, or may emphasize particular branches of checkpoint signaling [discussed in a review by Pinsky and Biggins (8) ]. Some observations support this view. For example, microtubule-stabilizing drugs (e.g., taxol, epothilone B) lead A549 cells to aneuploidy and/or apoptosis (cells with sub-G 1 DNA content) more efficiently than microtubule-destabilizing drugs (e.g., vinblastine, colchicine, nocodazole; ref. 9) . Although aspects of signaling may differ among the major classes of antimitotic drugs, these drugs eventually lead cells to temporary or permanent mitotic arrest due to inhibition of the mitotic spindle or the proteins that regulate it.
Mitotic arrest induced by antimitotic drugs through the spindle checkpoint. The spindle checkpoint detects loss or impairment of functional connections between kinetochores and spindle microtubules during mitosis and disseminates signals that inhibit the anaphase-promoting complex/ cyclosome. The anaphase-promoting complex/cyclosome is a ubiquitin ligase complex that catalyzes polyubiquitylation of a variety of targets including securin and mitotic cyclins during mitosis. Although the anaphase-promoting complex/cyclosome functions throughout the cell cycle with different activator subunits (Cdh1 and Cdc20), the major phenotype of the inhibition is mitotic delay/arrest. The inhibition of the anaphase-promoting complex/cyclosome causes high cyclin levels, sustained cyclin-dependent kinase 1 (cdk1) activity, and prolonged mitotic arrest. The mitotic arrest allows time for correction of chromosome connections to the spindle (10 -12) . Studies with cultured cells have suggested that the spindle checkpoint -mediated mitotic arrest may be a requirement for the subsequent cell death induced by the antimitotic drugs (5, 13) .
The main scope of this review is to discuss the mitotic/ postmitotic events and molecular signaling involved in treatments with antimitotic drugs, using information derived primarily from research with cultured cells. We will describe the events that occur during and after mitotic arrest, clarify the notion of cellular sensitivity to mitotic arrest, and discuss the correlation between spindle checkpoint function and antimitotic drug -mediated cell death. These are factors which are important in explaining the molecular basis for the efficacy of antimitotic drugs. Other cell biological effects induced by microtubule inhibitors during interphase prior to mitotic arrest may also be relevant to the induction of cell death. However, these interphase effects have been reviewed by others including Ganansia-Laymarie et al. (14) and Jordan and Wilson (11) , and are not discussed here in detail. Mitotic catastrophe associated with DNA damage caused prior to M phase is also not discussed, although spindle checkpoint activation may play a role in the response to DNA damage as well (15 -18 . Understanding the determinant factors influencing the choice of outcome may aid us in designing therapies to bias the outcome in favor of death or senescence of the tumor cells, toward the outcomes (B), (C), or (D). It is likely that many factors affect treatment outcomes, and defining all the signaling pathways involved remains an important aspect of future studies in tumor cell biology. Later, we will describe how one such determining factor, p53 status, may influence the decision toward outcomes (D) and (E).
The Importance of Assays that Describe Sensitivity
How we assess the sensitivity of cells to antimitotic drugs depends strongly on what we measure (the type of assay) and when we measure (the time frame). We can roughly categorize these assays according to two types: short-term assays and long-term assays (Table 1) . Shortterm assays (usually done within 24 -72 h) report the induction of apoptotic markers (e.g., poly-ADP-ribose polymerase fragment production, caspase activation, DNA damage, or a sub-G 1 peak in fluorescence-activated cell sorting analysis) or cellular metabolic activity that detects lowered metabolism due to inhibition of cell growth and ongoing cell death [e.g., the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay]. These assays reliably report rapid onset of outcomes (B) and (C), but may miss outcome (D). Assays carried out over a longer time frame (over several days; e.g., cell growth assays such as colony formation or cell number counting) may be more informative in assessing the overall rate of cell death and/or growth retardation but are less frequently carried out. They may also be less outcome B, mitotic death; outcome C, mitotic slippage followed by cell death; outcome D, mitotic slippage followed by senescence; outcome E, continued cycling and endoreplication after mitotic slippage (after withdrawal of drug outcome, E cells may undergo abnormal division, generating heterogeneous populations of cells with varied chromosomal content). Modified from Weaver and Cleveland (19) .
informative regarding the mechanisms involved. Preferably to investigate the nature of the sensitivity of cells in culture to antimitotic drugs and to evaluate their implications for tumor therapy, it is desirable to compare data from several types of assays.
Accessory Factors that Affect the Outcomes When Cells Are Treated with Antimitotic Drugs
Many factors not specifically involved in spindle checkpoint signaling affect the responses to antimitotic drugs. In earlier reports, requirements for p53 in antimitotic drugmediated cell death seemed to vary, partially because no clear distinction was made regarding the mechanisms of cell death. For mitotic catastrophe induced by DNA damage, p53 is apparently not essential (15 -18) . The involvement of p53 in taxol-mediated cell death was implicated by a report that p53À/À knockout MEF cell lines were more susceptible to taxol treatment, although it was attributed to tumor necrosis factor-a activity (21) . Further research in cultured cells suggests that p53 plays a role in postmitotic cells after mitotic slippage to inhibit continuing endoreplication and re-entry into mitosis (22 -24) . This function of p53 has been proposed to represent a postmitotic checkpoint (25) . These results in cultured cells may reflect similar observations in mice. Mice with a deficient spindle checkpoint, e.g., Bub3-Rae1 double-haploinsufficient mice and BubR1 haploinsufficient mice, show early signs of aging, and fibroblasts from these mice accumulate senescence markers p16, p19, and p21. 
Spindle Checkpoint Genes Are Essential in Mammalian Cells
Mammalian orthologues of the core checkpoint proteins (e.g., Mad1, Mad2, BubR1/Mad3, Bub1, Bub3, and Mps1) were identified by sequence homology. Similar to their yeast counterparts, these proteins function by inhibition of anaphase-promoting complex/cyclosome (10 
Antimitotic Drug^Mediated Cell Death Is Associated with Activation of the Apoptosis Machinery in Mammalian Cells
The aforementioned difference between yeast and mammalian systems (nonessential versus essential in normal mitosis, respectively) may be attributed in part to the robust apoptosis mechanism in mammalian cells. It has been hypothesized that malfunction of the spindle checkpoint in mammalian cells may not be inherently lethal, but the accumulation of mitotic errors and chromosome instability may trigger apoptosis (43) . Some evidence supports this hypothesis. Although Mad2 knockout mice are inviable under any circumstances, two cell lines deficient in both Mad2 and p53 were derived from mouse blastocysts (43) . These lines, though viable, show deficient spindle checkpoints and extraordinarily high rates of chromosome instability, reminiscent of spindle checkpoint -deficient mutants in yeast. Although loss of p53 seems important for the survival of these lines, it is possible that other genetic changes were also selected during outgrowth of the blastocysts. In HeLa cells in which p53 is inactivated by expression of the papilloma virus E6 protein, suppression of the checkpoint proteins Mad2 or BubR1 by transfection of plasmids encoding short hairpin RNA leads to massive cell death of the entire culture within 6 days (41).
There is other evidence that indicates the involvement of apoptosis in antimitotic drug -mediated cell death. Cell death after antimitotic drug treatment is associated with several apoptotic markers including activation of caspase 3 (44), Fas-associated death domain protein and caspase 10 (45), Bax (5), and accumulation of p53 (24) . Cell death after knockdown of certain kinetochore components (i.e., hSpc24, hSpc25) that simultaneously causes loss of the spindle checkpoint function or direct knockdown of checkpoint molecules (i.e., BubR1, Mad2) induces apoptotic markers such as poly-ADP-ribose polymerase fragment generation, the appearance of Annexin V -positive cells (46) , or caspase 3 activation (41). Consistently, pan-caspase inhibitors suppress cell death by mitotic kinesin inhibitors (5) and by a combinatorial challenge of hBUBR1 overexpression and nocodazole (44) . Caspase 3 is reported to increase in amount at G 2 -M (47), and the increase may provide a favorable environment for the initiation of apoptosis. Thus, apoptosisrelated proteins likely affect the outcomes for treatments with antimitotic drugs and act as a determinant of the efficacy of antimitotic drugs. However, the precise signaling pathways connecting checkpoint activation and apoptosis initiation remain unknown.
Apoptotic pathways may also cause feedback affecting the maintenance of the spindle checkpoint. The checkpoint proteins, Bub1 and BubR1, are caspase targets, and triggering caspases during mitotic arrest inactivates the spindle checkpoint and facilitates mitotic slippage (48, 49) . Thus, at later stages, there may not be distinct boundaries between mitotic death and postmitotic cell death [ Fig. 1 , outcomes (B) and (C)].
Partial Abrogation of Spindle Checkpoint Function May Confer Resistance to Antimitotic Drugs in Mammalian Cells
The relationship between the function of the spindle checkpoint and cellular sensitivity to antimitotic drugs in mammalian cells is an issue of great general and clinical interest. However, because complete loss of the spindle checkpoint does not generally allow mammalian cells to survive, the correlation between checkpoint function and antimitotic drug sensitivity has been difficult to examine systematically. To investigate the effects of partial loss of spindle checkpoint function, researchers have used two systems: cancer cell lines with weakened spindle checkpoint function, or partial knockdown/impairment of spindle checkpoint proteins. For the latter, a variety of approaches have been used to compromise spindle checkpoint function experimentally, including viral infection, siRNA, dominant-negative protein expression, and haploinsufficiency.
Although gene mutations in known spindle checkpoint components are rare, some actively growing cancer cells have a weak spindle checkpoint, defined as a reduced ability to sustain mitotic arrest in the presence of an antimitotic drug. However, results from studies with several cancer cell lines have not yielded a clear consensus with regard to how spindle checkpoint status affects sensitivity to antimitotic drugs. Masuda et al. (50) showed that among 13 cancer cell lines tested, 4 cell lines had weakened spindle checkpoint function and were resistant to microtubule inhibitor -mediated induction of apoptosis. In these studies, drug sensitivity did not seem to be related to p53 status. In contrast, Lee et al. (13) reported elevated sensitivity to microtubule inhibitors among cancer cell lines with weakened spindle checkpoint function associated with the reduction of BubR1 protein expression. The sensitive cell lines were from the breast or ovary, organs whose cancers generally respond well to microtubule inhibitors. Although the cause of the discrepancy is unclear, one reconciliation of these apparently contradictory results may be that the inherent variability of cancer cells or the tissue specificity of the source plays an important role in cellular sensitivity to antimitotic drugs.
The second approach is to specifically compare cells that are genetically identical except for specific targeting of checkpoint proteins. Jeang's group first showed that the Tax oncoprotein encoded by human T-cell leukemia virus type I binds to and inhibits Mad1 (51) Overexpression of spindle checkpoint proteins also seems to affect cell death induced by microtubule inhibitors. Mad2 overexpression in nasopharyngeal carcinoma cells sensitized these cells to vincristine, and to lesser extent, to taxol (55) . Overexpression of BubR1 increased apoptosis in postmitotic polyploid cells in the presence of nocodazole (44) .
Together, these results from the second approach generally support two conclusions: (a) antimitotic drugmediated cell death may be affected by factors such as drug type and/or status of checkpoint proteins, and (b) a partial decrease of spindle checkpoint function in most, but not all, studies results in an increased resistance to antimitotic drugs in short-term apoptosis or growth assays. However, controversy persists and because so few studies have been done, it is difficult to determine what conclusions would be drawn from long-term assays of cancer cell viability.
In addition to the aforementioned experimental approaches, a species comparison is also informative. Cells derived from rodents seem to override the mitotic arrest induced with antimitotic drug treatment more readily than do cells from other mammalian species (including humans). These observations suggest that rodent cells have more ''relaxed'' spindle checkpoints (56) . Consistent with the conclusions presented above, cells from rodents are generally more resistant to antimitotic drugs than are primate cells (e.g., ref. 57).
Does Inactivation of the Spindle Checkpoint
Function through Down-Regulation of CyclinDependent Kinase?
Spindle checkpoint activation causes mitotic arrest with sustained high cdk1-cyclin B activity. Inactivation of spindle checkpoint results in a drop in cdk1 activity and mitotic slippage. Does inactivation of the spindle checkpoint function solely to inactivate cdk1 with stimulation of the cell death mechanism? Alternatively, is postmitotic cell death triggered by two contradictory cues-active spindle checkpoint signaling juxtaposed with a decrease in cdk1 activity? Because spindle checkpoint function and the regulation of cdk1 activity are intertwined, they are difficult to affect independently. One approach would be to induce artificial mitotic slippage with cdk1 inhibitors. Tao et al. (5) showed that treatment of mitotic cells with the cdk inhibitor purvalanol A induced mitotic slippage and enhanced cell death (measured by the appearance of cells with sub-2N DNA content). They proposed that the activation of the spindle checkpoint and mitotic slippage are both required for subsequent activation of apoptotic machinery including Bax. As with all supposedly ''specific'' kinase inhibitors, caution regarding the interpretation of these results is required. However, the use of cdk inhibitors to force mitotic slippage and enhance the efficacy of antimitotic drugs deserves further investigation.
Conclusion
In this review, we have summarized recent information from studies in cultured cells on the correlation and possible linkage between spindle checkpoint -mediated mitotic arrest and antimitotic drug -mediated cell death. We developed definitions of the concept of sensitivity according to the possible outcomes of the mitotic arrest. Complete loss of the spindle checkpoint is, in most circumstances, incompatible with cell survival. However, partial loss of the spindle checkpoint may render cells somewhat more resistant to antimitotic drugs, at least in short-term assays. From a clinical standpoint, the ramifications are significant. By acquiring ''weakened'' spindle checkpoint function, cells may obtain two characteristics that increase their malignant potential: chromosome instability with concomitant changes in gene dosage as well as potentially increased resistance to antimitotic drugs. Weakened spindle checkpoint function is rather commonly observed among cancer cells, and thus the molecular linkages between this cancer-related change in cellular physiology and responses to treatment should be explored. At present, our understanding of the molecular interactions between mitotic arrest induced by antimitotic drugs and the induction of cell death remain rudimentary. Delineating the precise mechanisms of feedback among the signaling pathways involved will provide important insights into the rational development of therapies designed to leverage the differences between transformed and normal cells into novel effective strategies in anticancer treatment.
